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A B S T R A C T

Wind farms are usually located in remote areas far away from utility grid and load centers. Hence, long
transmission lines, used between wind farms and utility grid, result in a low value for the grid strength at
connection point. This paper first studies stability of the grid connected DFIG wind turbine taking the PLL
dynamics into account, and then presents an efficient control approach to stabilize the system and to enhance
transfer power capability at weak grid conditions. Hence, unified dynamic modeling of the whole DFIG, in-
cluding dynamics of the PLL, stator flux, rotor current, drive train, dc-link, rotor side converter (RSC) and grid
side converter (GSC) current controllers, dc-link voltage and generator speed controllers, and grid is presented.
Then, small signal stability of the full system is carried out and impact of the grid short circuit ratio (SCR) on
stability of the system is examined. Next, rotor control structure is modified to increase the stability margin and
transfer power capability under weak grid conditions. By the modified control structure, the grid SCR is virtually
increased to enhance the system performance at weak grid connections. Finally, results of theoretical analyses
are verified by time domain simulations conducted in MATLAB-Simulink environment.

1. Introduction

In the development of wind turbine (WT) technology, several types
of WTs such as fixed speed type, limited variable speed WT, doubly-fed
induction generator (DFIG), and full-scale variable speed WT have been
considered [1,2]. Among the different alternatives to obtain variable
speed, the system based on DFIG-WT has become the most popular [3].
As shown in Fig. 1, the DFIG stator winding is directly connected to the
grid, and the rotor winding is supplied from the back-to-back voltage
source converters (VSCs), known as rotor side converter (RSC) and grid
side converter (GSC).

In this paper, the RSC is used for the generator speed control, and
reactive power support, and the GSC for the dc-link voltage control and
reactive power regulation [4]. The grid synchronization is a main step
for the control of the RSC and GSC that is normally done by using the
phase locked loop (PLL). This paper first examines stability of the grid
connected DFIG wind turbine system taking the PLL dynamics into
account, and then proposes a new control approach to stabilize the
system under weak ac grid conditions.

Wind farms are usually placed in remote areas far away from the
utility grid and consumer centers. Hence, long transmission lines should

be used between the wind farms and utility grid that result in the grid
strength to be weak. The strength of the electrical grid is usually de-
termined by the value of the grid short circuit ratio (SCR), where the
grid SCR is defined as the grid short circuit power at the connection
point (point A in Fig. 1) to the wind turbine rated power. Hence, the
higher value of the grid SCR means the more strength for the grid.

At present, some papers [5–13] have dealt with the modeling,
control and stability analysis of the grid connected VSCs, in full con-
verter wind turbines and VSC HVDC systems, by taking the PLL dy-
namics into account, under weak grid conditions. However, these re-
ferences are not related to DFIG based WTs, and does not propose
modified control approach for improving the DFIG performance and
enhancing transfer power capability at weak grid connections. Ref. [6]
deals with the modeling and control of VSC-HVDC system connected to
weak ac system. The Refs. [5,7,8] study the impact of the PLL on the
stability of the grid connected VSC at weak ac grid conditions. In [12]
performance of dc-link voltage control in full converter based wind
turbine connected to weak grid is investigated, and the effects of grid
strength, operating point, and control loops’ interactions on dc-link
voltage control dynamics are examined. Also, Ref. [13] deals with the
stability analysis of the full converter based WT during deep voltage
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sag, when the WT connected to a high-impedance ac grid. It develops
the WT dynamic model that reflects the interaction between the PLL
and alternating current control, and then modal analysis is conducted to
extract the unstable modes.

Dynamic performance evaluation and stability analysis of the DFIG
based WTs have been reported in several research papers [14–19].
However, little analytical work has been published regarding the DFIG
stability analysis under weak grid conditions taking the PLL dynamics
into account. In [20,21], the stability of the dc-link voltage in a DFIG
based WT, connected to a weak ac grid, is studied by considering the
PLL dynamics. Ref. [22] develops a reduced order small signal model to
examine the dc link voltage stability in DFIG based WT, under weak ac
grid conditions. It investigates the effects of operating points, grid
strengths and control loops interactions on the DFIG dynamic perfor-
mance.

Even though, dynamic stability of the DFIG connected to weak ac
grid has been studied in some papers, such as [18–20], however, to the
best knowledge of the authors, less analytical work has dealt with the
improvement of the DFIG stability under weak ac grid conditions.

In [23,24] active compensators are presented for improvement of
ride through capability and transient behavior in DFIG based WTs.
These approaches, modify the rotor current reference by adding aux-
iliary damping signals obtained by the feedback of the stator flux and
rotor current. However, the control approaches, working based on the
stator flux feedback, only increase the damping of the stator flux and
transient response during the voltage dip, and enhance the LVRT cap-
ability. Also, some papers, such as [25–30], use flexible ac transmission
systems (FACTS) and energy storages devices for improving the transfer
power capability and system stability in grid connected DFIG based
wind turbines. However, these approaches, using active hardware such
as FACTS controllers, energy storages, and power electronic devices,
are costly.

In this way, the main contributions of the paper are as follows: (a)
Extracting the stator and grid dynamics, and small signal stability
analysis of the DFIG system taking the PLL dynamics into account. (b)
Proposing a new active compensator, by modifying the rotor side
converter control structure, to improve the stability margin, and to
enhance the transfer power capability at weak ac grid conditions.

The outlines of the paper are given as follows. This paper indeed
deals with the stability analysis and dynamic performance enhance-
ment of the grid connected DFIG based WTs under weak ac grid con-
ditions. In this way, detailed dynamic modeling of the whole DFIG
system, including the dynamics of the PLL, stator flux, rotor current,
drive train, dc-link, RSC and GSC current controllers, dc-link voltage
and generator speed controllers, and grid, is presented. Then, based on
the linearized model of the entire DFIG system, small signal stability of
the full system is conducted and impact of the grid SCR on the stability
of the system is examined. Next, the RSC control structure is modified
to increase the stability margin of the DFIG system under weak ac grid
conditions. The modified control structure introduces negative virtual
inductance at the stator side, and virtually increases the grid SCR to

stabilize the system at weak grid connections. At the end, results of
theoretical analyses are verified by time domain simulations.

2. DFIG synchronization and PLL dynamics

Phase-locked loop (PLL) is one of the basic building blocks used in
grid connected DFIG-based wind turbines for grid synchronization. The
synchronous reference frame PLL (SRF-PLL) is the most popular type of
the PLL widely used in three-phase applications [31,32]. In this paper,
the RSC and GSC are controlled in dq-frame with the stator voltage
orientation (SVO), in which the d-axis is aligned with the vector of the
stator voltage .To do this, an SRF-PLL is implemented to extract the
phase and frequency of the stator voltage. Fig. 2 depicts the structure of
the SRF-PLL, in which, first the three-phase stator voltages vsabc are
transformed into the stationary frame (αβ - frame) and then vsαβ are
transformed to the rotating dq reference frame using the argument θpll,
where θpll is the phase angle extracted by the PLL. The phase angle θpll is
obtained by using a PI-controller (K s( )PLL ) in a feedback loop that forces
the q-component of the stator voltage to zero, i.e. =v 0sq and =v Vsd s. In
Fig. 2, the three phase stator voltages vsabc are in per unit (pu).

According to Fig. 2 and considering the PI controller of the PLL loop
as = +−

−K s k( )PLL p pll
k

s
i pll , the linearized state equations of the PLL are

given by

=
d x

dt
v

Δ
Δpll

sq (1)

= +− −ω k v k xΔ Δ Δpll p pll qs i pll pll (2)

=
d θ

dt
ω ω

Δ
. Δpll

b pll (3)

where the symbol Δ denotes the small deviation around the operating
point, and xpll represents the state variable corresponding to PI con-
troller of Fig. 2.

For the balanced three-phase stator voltages with =v t V θ t( ) cos ( )as s g ,
we have

= + + =−v v t e v t e v t V e2
3

[ ( ) ( ) ( )]αβs as
j

bs
j

cs s
jθ120 120 g

(4)

Using (4), vsd and vsq, in Fig. 2, are obtained as

= −v V θ θcos( )sd s g pll (5)

= −v V θ θsin( )sq s g pll

Fig. 1. Grid connected DFIG based WT.

Fig. 2. Block diagram of the SRF-PLL.
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By linearizing (5) around the operating point, i.e. θ pll0 and θg0 where
=θ θg pll0 0, we have

=
= −

v V
v V θ θ

Δ Δ
Δ (Δ Δ )

sd s

sq s g pll0 (6)

where the symbol Δ denotes the small signal value and the subscript 0
denotes the operating point. According to (6) and Fig. 2, the PLL line-
arized control loop, used for estimation of the phase and frequency of
the stator voltage, is obtained as depicted in Fig. 3.

Where Vs0 in Fig. 3 is the stator voltage amplitude at operating point
and is equal to 1 pu. Considering Fig. 3, the transfer function from θΔ g
to θΔ pll is obtained as

= =
+

+ +−
− −

− −
T s

θ s
θ s

k ks k k
s k ks k k

( )
Δ ( )
Δ ( )s pll

pll

g

p pll i pll

p pll i pll
2 (7)

where k in (7) is =k V ωs b0 . By comparing −T s( )s pll with the general form
of the second order transfer function, it is expressed that = −ω k kn i pll

2

and = −ξω k k2 n p pll where by selecting =ω Hz20n and =ξ 0.7, the pro-
portional and integral gains of the PLL controller are obtained.

3. Modeling of the stator and rotor dynamics in DFIG based WT

In this section, the dynamic model of the DFIG based wind turbine
in the dq synchronous reference frame with the stator voltage or-
ientation (SVO) is presented. In this way, the positive direction for the
rotor and stator currents are considered into the windings and all
system parameters and variables are given in per unit (pu). It is noted
that, for the control of the DFIG in the SVO frame, we have indeed two
dq frames: (1) PLL dq frame in which the angle θPLL estimated by the
PLL is used for doing the dq transformation, (2) Ideal dq frame in which
the angle θg is used to perform the dq transformation and the d-axis is
always perfectly aligned with the stator voltage vector. In steady state
conditions, =θ θPLL g and both the PLL and ideal dq frames are identical,
however, this may not be necessarily true during transient conditions.
In actual conditions, we do not directly access to θg, and thus we use
θPLL, as the estimated value of θg, for the dq transformation. In other
words, in actual conditions, we indeed transform the machine equations
into the PLL reference frame for the system analysis and controller
design.

The basic equations of the stator and rotor voltages and fluxes, and
electromagnetic torque in the dq reference frame rotating at angular

speed of ωpll are given by [33]:

= + +v R i jω ψ
ω

dψ

dt
1

sdq s sdq pll sdq
b

sdq

(8)

= + +v R i jω ψ
ω

dψ

dt
1

rdq r rdq rdq
b

rdq
2 (9)

= +ψ L i L isdq s sdq m rdq (10)

= +ψ L i L irdq m sdq r rdq (11)

= −T L
L

ψ i ψ i( )e
m

s
sq rd sd rq (12)

where the subscripts s and r denote the stator and rotor quantities, v, i
and ψ denote the voltage, current and flux, ω2 is the rotor slip fre-
quency, ωb is the base angular frequency, Ls and Lr are the stator and
rotor self-inductances, and Lm is the machine magnetizing inductance.
ωpll is the frequency of the stator voltage extracted by the PLL and is
indeed the rotational speed of the dq axes in the SVO frame. In the SVO
frame, the d-axis of the frame is aligned with the stator voltage vector,
and thus at steady state conditions, =v V| |sd s and =v 0sq , where V| |s is
the stator voltage amplitude. By neglecting the stator resistance, the dq
stator voltages at steady state conditions can be given as ≅ −v ω ψsd s sq
and ≅v ω ψsq s sd, where =ω ωpll s and =ω 1s pu. This means that at the dq
reference frame with SVO, the steady state values of the dq components
of the stator flux are ≅ψ 0sd and ≅ −ψ ψ| |sq s . Considering (12) and ac-
cording to the explanations given above, the electromagnetic torque in
the SVO frame can be given as = ≈ −T ψ i ψ i( ) (| | )e

L
L sq rd

L
L s rd

m
s

m
s

. Hence, in
the SVO frame, the electromagnetic torque and consequently the gen-
erator speed can be controlled by the d-axis component of the rotor
current, ird. Also, the reactive power injected to the grid by the stator, as
a function of the rotor current in the SVO frame, is given by

= − −Q V i| |s
V
X

L
L s rq

| |s
s

m
s

2
, and thus the stator reactive power can be con-

trolled by the q-axis rotor current, irq.

3.1. Stator and grid modeling

In Fig. 1, the DFIG is connected to the grid, where from the stator
side, the WT transformer, the grid and transmission line can be modeled
with the Thevenin representation comprising the infinite bus ∞e in
series with the resistance Re and inductance Le (see Fig. 4). Considering
Fig. 4, the linearized form of the grid dynamics can be described by the
following equation as a function of the stator flux and current and GSC
current.

Fig. 3. Linearized control loop of the PLL.

Fig. 4. Simplified form of the grid connected DFIG based WT.
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= − + − − + −

− − + +

− − + ∞

v ψ i R i

j ψ j ψ j i

j i jL L ω i jL L ω i e

Δ Δ Δ Δ

Δ

Δ Δ Δ Δ

sdq
R
L sdq

R L
L rdq e gdq

L
ω L

d ψ

dt
L L
ω L

d i
dt

L
ω

d i
dt

L ω
L sdq

L ω
L sdq

L L ω
L rdq

L L ω
L rdq e m PLL gdq e m pll gdq dq

Δ Δ

Δ Δ
0

Δ

0

e
s

e m
s

e
b s

sdq e m
b s

rdq

e
b

gdq e pll

s

e pll

s

e m pll

s

e m pll

s

0

0
(13)

where the symbol Δ denotes the small variation around the operating
point, and the subscript 0 represents the operating point.

From (8), (10) and (11), the linearized form of the dq stator fluxes
can be expressed by the following state equations:

= − + − − +
ω

d ψ

dt
R
L

ψ R
L

L i jω ψ jψ ω v1 Δ
Δ Δ Δ Δ Δ

b

sdq s

s
sdq

s

s
m rdq pll sdq sdq pll sdq0 0

(14)

Assuming the phase a of the infinite bus voltage is =∞e t E θ( ) cosa e,
the dq components of the infinite bus voltage in the SVO frame are

= −
= −

∞

∞

e E θ θ
e E θ θ

cos( )
sin( )

d e pll

d e pll (15)

where θpll is the phase of the stator voltage extracted by the PLL. From
(15), the linearized forms of the ∞e d and ∞e q are obtained as

= −
= −

∞

∞

e E γ θ θ
e E γ θ θ

Δ sin (Δ Δ )
Δ cos (Δ Δ )

d e pll

q e pll

0

0 (16)

where = −γ θ θpll e0 0 0. Considering Fig. 4 and neglecting Re, the phasor
diagram of the stator voltage and grid current at steady state and unity
power factor operation is obtained as depicted in Fig. 5.

Considering Figs. 4 and 5, the active power injected to the grid by
the DFIG is given by

=P E V
X

γ| | sing
s

e

0
0 (17)

Hence, according to Fig. 5 and (17), E γcos 0 in (16) is equal to
=V pu1s0 , and E γsin 0 is equal to P X

V| |
g e

s0
.

3.2. Modeling of rotor and corresponding controllers

From (8)-(11), the rotor dynamics is described, in terms of rotor
current and stator flux, as follows [22]:

= ′ + ′ +
′

+v R i jω L i
L
ω

di
dt

erdq r rdq r rdq
r

b

rdq
rdq2 (18)

where, ′ = +R R R L L( / )r r s m s
2 is the transient resistance,

′ = −L L L L( / )r r m s
2, is the transient inductance of the rotor current

dynamics, Ls and Lr are the stator and rotor self-inductances, and Lm is
the machine magnetizing inductance.

Also, erdq in (21) is the rotor back-emf voltages depending on the

stator voltage and flux, and is given by = − −( )e V ψ jω ψrdq
L
L sdq

R
L sdq r sdq

m
s

s
s

.
Fig. 6 shows the rotor dq current control loop, considering the rotor
controller to be PI, i.e. = +−

−K s k( )ir p i
k

sr
i ir . The output of the rotor

current controller determine the rotor dq voltage that should be gen-
erated by the RSC.

According to Fig. 6, the linearized dynamics of the rotor current is
given by

′
= − ′ − − ′ − ′

+ − +− −

L
ω

d i
dt

R i e jL i ω jL ω i

k i i x

Δ
Δ Δ Δ Δ

(Δ Δ ) Δ

r

b

rdq
r rdq rdq r rdq r rdq

p i rdq ref rdq irdq

0 2 20

r (19)

where xirdq is the state variable corresponding to rotor current con-
troller, and is described by

= −− −
d x

dt
k i i

Δ
(Δ Δ )irdq

i i rdq ref rdqr (20)

3.3. Speed and reactive power controller

In the dynamic studies of DFIG, the two mass model is used for
modeling the drive train system, where the linearized two mass drive
train model is given as follows [34]:

= +

= −

= −

= + −

H T T

ω ω ω

H T T

T K θ D ω ω

2 Δ Δ

(Δ Δ )

2 Δ Δ

Δ Δ (Δ Δ )

r
d ω

dt e sh

d θ
dt b t r

t
d ω

dt m sh

sh cs c t r

Δ

Δ

Δ

r

t

(21)

where Tm and Te are the turbine and generator electrical torque in pu,
respectively, Tsh is the shaft torsional torque in pu, ωt and ωr are the
turbine and generator rotational speeds in pu, θ is the shaft twist angle
in rad, Ht and Hr are the inertia constants of the turbine and generator
in sec, respectively, kcs is the shaft stiffness coefficient in pu/elec. rad,
Dc is the damping coefficient in pu.

In the frame with SVO, the d-axis components of the rotor voltage
and current, vrd and ird, can be used for the control of the rotor speed.
Fig. 7 shows the generator speed control loop, in which the term

+
α

s α
rdq

rdq
is the closed loop transfer function of the inner rotor current control
loop. The reference speed −ωr ref is obtained based on the predefined
power speed curve provided by the wind turbine manufacture.

Considering the speed controller to be PI, = +−
−K s k( )ω p ω

k
s

i ω , the
linearized state equation of the speed controller is given by

= −− −
d x

dt
k ω ωΔ (Δ Δ )ω

i ω r ref r (22)

From Fig. 7, the linearized from of the d-axis rotor reference current
is given by:

= − − −− − −i k ω ω xΔ (Δ Δ ) Δrd ref p ω r ref r ω (23)

In the SVO frame, the reactive power injected to the gird by the
Fig. 5. Phasor diagram of the stator voltage and grid current at unity power factor op-
eration.

Fig. 6. Rotor dq-axes current control loops.
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stator can be controlled by the q-axis axis rotor current irq. The control
loop related to stator reactive power control is given in [14].

Considering the reactive power controller as = +K s k( )Q p
k

sQ
iQ , the

state equation related to reactive power controller is given by:

= −−
d x

dt
k Q Q

Δ
(Δ Δ )Q

iQ s ref s (24)

Also, the rotor q-axis reference current is given by

= − +− −i k Q Q xΔ (Δ Δ ) Δrq ref pQ s ref s Q (25)

3.4. Modeling of the GSC and DC link capacitor

As shown in Fig. 4, the GSC is connected to the grid via interfaced
filter modeled with inductance Lg and resistance Rg. The dynamics of
the GSC and corresponding interfaced filter in the PLL reference frame
is given by

− = + +v v R i jL ω i
L
ω

di
dts g g g g pll g

g

b

g

(26)

Fig. 8 shows the dq GSC current control loop considering the current

controller to be PI, i.e. = +−
−K s k( )G p i

k

sdq g
i ig .

Considering Fig. 8, the linearized GSC current dynamics can be
presented as

= − − − + −

+ +

= −

− −

− −

R i jL ω i jL i ω k i i

x v

k i i

Δ Δ Δ (Δ Δ )

Δ Δ

(Δ Δ )

L
ω

d i
dt g gdq g pll gdq g gdq pll p i gdq ref gdq

igdq sdq
d x

dt i i gdq ref gdq

Δ
0 0

Δ

g

b

gdq
g

igdq
g

(27)

The task of DC-link voltage controller is the power balancing be-
tween RSC and GSC. According to Fig. 9, and neglecting the converter
losses, we have

= −CV dV
dt

S P P( )dc
dc

b GSC r (28)

where Sb is the base value for the system power, and Pr and PGSC are the
rotor and GSC input powers and are given by = +P v i v i( )GSC dg gd gq gq and

= +P v i v i( )r rd rd rq rq . Fig. 10 shows the DC-link voltage control loop,
where the DC-link voltage controller provides the d-axis reference
current for the GSC inner current control loop.

Using a PI controller stated as = +−
−K s k( )dc p dc

k
s

i dc , the linearized
state equation of the DC-link voltage controller is given by

= −− −
d x

dt
k V VΔ (Δ Δ )dc

i dc dc ref dc (29)

4. Small signal stability analysis

The Eqs. (1)–(3), (6), (13), (14), (16), (19)–(25) and (27)–(29) de-
scribe the full dynamics of the DFIG based wind turbine, comprising the
dynamics of PLL, stator, grid, rotor, drive train, GSC, dc link capacitor,
and system controllers. Linearizing the above mentioned equations, the
full DFIG system can be described as

= +x A x B uΔ ̇ Δ Δ• (30)

Fig. 7. Wind turbine speed control loop.

Fig. 8. Grid-side converter (GSC) current loop.

Fig. 9. Active power flow in RSC and GSC.

Fig. 10. DC-link voltage control loop.

Table 1
System modes and dominant state variables for SCR=5.

Modes Modes for SCR=5 Dominant state variable

λ1,2 − ± j180.8 549.4 i i,rd rq

λ3,4 − ± j169.9 241.2 i i,gd gq

λ5 6, − ± j6 85 162 8. . i V,rd DC

λ7,8 − ± j75.6 78.04 x θ,pll pll

λ9,10 −76.58 x x,ird dc

λ11,12 − ± j36.94 22.75 x x,ird irq

λ13,14 − ± j4.9 11.22 ω θ,r

λ15 −4.33 xQ

λ16 −2.35 xigd

λ17,18 − ± j1.82 0.81 ω x,t igq

λ19 −0.64 xω
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where A is the ×19 19 state matrix, and x and u are the vectors
of state variables, and exogenous inputs, and =x
θ x ψ ψ i i x x ω θ ω x x i i x x V x[ , , , , , , , , , , , , , , , , , , ]T

pll pll sd sq rd rq ird irq r t ω Q gd gq igd igq DC dc ,
= − −u E V Q V[ , , , ]T

w s ref dc ref .
Modal analysis is done on the study system of Fig. 4 with parameters

of Appendix A. The operating conditions correspond to wind speed of
11m/s and unity power factor at the stator and GSC terminals. The PI
controllers parameters correspond to the rotor and grid-side filter cur-
rent control bandwidths of 2 per unit (628 rad/s), speed control loop
bandwidth of 4.4 rad/s (0.7 Hz), reactive power control loop bandwidth
of 4.4 rad/s (0.7 Hz), PLL control bandwidth of 25 Hz, and dc link
voltage control bandwidth of 25 Hz. Table 1 shows the system modes
and dominant state variables related to each mode for the grid short

circuit ratio (SCR) equal to 5. By using the participation factors [35],
the degree of contribution of each state variable in the system modes,
and the consequently the dominant state variables are obtained (see
Appendix B). Considering Fig. 4, the SCR is defined as the grid short
circuit power at point A to the WT rated power.

According to Table 1, the following findings are given: (1) The
modes = − ±λ j180.8 549.41,2 are the dq rotor current modes, and ird and
irq have the most contribution in them. (2) The modes

= − ±λ j169.9 241.23,4 are the GSC current modes associated with state
variables igd and igq. (3) The modes = − ±λ j6.85 162.85,6 correspond to
the state variables ird and VDC. (4) The modes = − ±λ j75.6 78.047,8 are
the phase-locked loop modes, and xpll and θpll have the most partici-
pation in these modes. (5) The modes λ9,10=−76.58 are the rotor and

Table 2
System modes for different values of the grid SCR, i.e. SCR=3–6.

Modes Modes for SCR=3 Dominant state variable Modes for SCR=4 Modes for SCR=5 Modes for SCR=6

λ1,2 − ± j168.2 590.2 i i,rd rq − ± j178.6 571.7 − ± j180.8 549.4 − ± j181.6 530.5
λ3,4 − ± j1.74 1.25 i i,gd gq − ± j168.1 239.4 − ± j169.9 241.2 − ± j174.8 240.4
λ5 6, ± j1 46 125 5. . i V,rd DC − ± j2 20 154 4. . − ± j6 85 162 8. . − ± j11 1 169 9. .
λ7,8 − ± j64.3 80.3 x θ,pll pll − ± j72.9 79.14 − ± j75.6 78.04 − ± j76.8 76.7
λ9,10 − ± j75.05 37.8 x x,ird dc − ± j92.32 19.68 −76.58 −70
λ11,12 − ± j27.02 20.6 x x,ird irq − ± j33.58 22.94 − ± j36.94 22.75 − ± j39.9 22.11
λ13,14 − ± j4.18 12.5 ω θ,r − ± j4.84 11.47 − ± j4.9 11.22 − ± j5.01 11.04
λ15 −4.30 xQ −4.36 −4.33 −4.30
λ16 −3.7 xigd −2.35 −2.35 −2.35
λ17,18 − ± j1.74 1.25 ω x,t igq − ± j1.75 0.87 − ± j1.82 0.81 − ± j1.87 0.75
λ19 −0.53 xω −0.63 −0.64 −0.64

Table 3
Modal analysis for the case with rotor virtual inductance, and for SCR=3 and 4.

Modes after implementation Dominant state variable Modes for SCR=4

Short circuit ratio (SCR)=3 λ1,2 − ± j182.3 619.7 i i,rd rq Short circuit ratio=4 − ± j178.6 571.7
λ3,4 − ± j154.3 228.4 i i,gd gq − ± j168.1 239.4
λ5 6, − ± j2 08 151 71. . i V,rd DC − ± j2 20 154 4. .
λ7,8 − ± j76.63 79.84 x θ,pll pll − ± j72.9 79.14
λ9,10 − ± j47.75 37.43 x x,ird dc − ± j92.32 19.68
λ11,12 − ± j39.8 24.54 x x,ird irq − ± j33.58 22.94
λ13,14 − ± j4.54 12.07 ω θ,r − ± j4.84 11.47
λ15 −4.32 xQ −4.36
λ16 −2.35 xigd −2.35
λ17,18 − ± j1.65 0.95 ω x,t igq − ± j1.75 0.87
λ19 −0.98 xω −0.63

Fig. 11. Eigenvalue value Locus for the modes
λ5,6 and under varying the SCR from 20 to 3.
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DC-link electrical modes associated with state variables xird and xdc (see
(20) and (29)). (6) The modes = − ±λ j36.94 22.7511,12 are associated
with the rotor current controllers, i.e. state variables xird and xirq (see

(20)). (7) The modes λ13,14=−4.9 ± j11.2 are the electromechanical
modes corresponding to state variables ωr and shaft twist angle θ. (8)
The real modes λ15=−4.33 and = −λ 2.3516 correspond to state
variables xQ and xigd, respectively. (9) The modes = − ±λ j1.82 0.8117,18
correspond to state variables ωt and xigq. (10) The real mode = −λ 0.6419

is related to the speed controller and the state variable xω has the most
contribution in this mode.

Modal analysis shows that the grid SCR has an important role on the
stability of the modes λ5,6, and consequently on the stability of the
whole system. Table 2 depicts the system modes for different values of
grid SCR, SCR=3–6. According to Table 2, by decreasing the grid SCR,
the damping of the modes λ5,6 decreases and for SCR=3, the modes λ5,6
and consequently the whole system become unstable.

Hence, the bold row in Tables 1–3 corresponds to the critical modes
λ5,6.

Fig. 11 shows the root locus graph of the modes λ5,6 under gradual
change of the SCR from 20 to 3. According to Fig. 11, the modes λ5,6
move toward the right hand side of the s-plane, as the SCR decreases
from 20 to 3, which indicates unstable conditions due to weak grid
conditions.

Fig. 12. Modified RSC current control to create
the low frequency virtual inductance, (a) detailed
representation, (b) simplified representation
under quasi-steady state conditions.

Fig. 13. (a) Equivalent circuit of the stator dynamics at quasi steady state conditions, (b)
Quasi steady state equivalent circuit of the grid connected DFIG from the stator side point
of view.
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5. RSC control modification and virtual impedance emulation

As stated in Section 4, by decreasing the grid SCR, the modes as-
sociated to the dc-link system move toward the unstable state, and for
critical value of SCR=3, the DFIG system becomes unstable. In this
section, for stabilizing the DFIG system under weak grid conditions, the
RSC control is modified to create a low frequency negative virtual in-
ductance. This negative virtual inductance can enhance the stability
margin and increase the steady state power transfer capability.
Fig. 12(a) shows the modified RSC current control to create the low
frequency virtual inductance.

In Fig. 12(a), the rotor reference currents are obtained from the
outer speed and reactive power control loops, and the negative virtual
inductance is realized by subtracting the virtual voltage −vrdq virtual from
the controller output −vrdq ref . Hence, the voltage produced by the RSC

∗vrdq, is given by

= −

= +

∗
− −

−

v v v

v jω L i L

rdq rdq ref rdq virtual

rdq virtual v idq v
i
dt2
rdq

(31)

where, in (31) <L 0v , and thus = −L L| |v v .
Under quasi-steady state conditions, di

dt
rdq can be approximated with

zero, and thus the modified control system can be simplified as depicted
in Fig. 12(b). According to Fig. 12(b), under quasi-steady state condi-
tions with =di dt/ 0rdq , we have

= ′ + ′− +−v R i jω L L i e( | |)rdq ref r rdq r v rdq rdq2 (32)

Also, from (8), the stator voltage at the quasi-steady state conditions
can be given as

= +v R i jω ψsdq s sdq s sq (33)

Fig. 14. Root locus graph of the modes λ5,6 at
SCR=3, and for gradual change of the L| |v from 0
to 1 pu.

Fig. 15. Wind turbine responses to a step change of wind speed from 10 to 12m/s at SCR=5, (a) generator speed, (b) output active power injected to the grid, (c) electromagnetic
torque, (d) wind turbine captured power.

A.H. Azizi, M. Rahimi Electrical Power and Energy Systems 99 (2018) 434–446

441



From (32), (33) and (10), (11), the stator dynamics in the dq syn-
chronous reference frame can be described as follows:

⎜ ⎟⎜ ⎟= ′ + ′ − ⎛

⎝
⎛
⎝

⎞
⎠

⎞

⎠
+v R i jω L i jω s L

L
L i e| |s s s s s s s

m

r
v s s

2

(34)

where ′ = + ( )R R Rs s
L
L r

2
m
r

and es is the stator induced back emf voltage.
Fig. 13(a) depicts the stator dynamic equivalent circuit obtained ac-
cording to (34), where ′ =L s L L L( ( / ) | |)v m r v

2 . From (34), we can also
obtain the quasi steady state equivalent circuit of the grid connected
DFIG from the stator side point of view, as depicted in Fig. 13(b). The
current source ig in Fig. 13(b) is used for modeling the GSC at quasi
steady state conditions.

Considering Fig. 13, the rotor virtual inductance Lv behaves as a
negative inductance from the stator side point of view. This in turn, as
will be seen, virtually increases the grid SCR and enhances the system
stability margin.

According to Fig. 13(b), the linearized dynamics of the rotor current
by considering the proposed compensator is given by

′
= − ′ − − ′− − ′−

+ − +− −

L
ω

d i
dt

R i e j L L i ω j L L ω i

k i i x

Δ
Δ Δ ( | |) Δ ( | |) Δ

(Δ Δ ) Δ

r

b

rdq
r rdq rdq r v rdq r v rdq

p i rdq ref rdq irdq

0 2 20

r (35)

Table 3 depicts the system modes and corresponding state variables
for the case with rotor virtual inductance, and for two different values
of grid SCR, i.e. SCR=3 and 4. Comparing Tables 2 and 3, by im-
plementing the rotor negative virtual inductance, the modes λ5,6 and
thus the whole system will become stable for SCR=3. Fig. 14 shows
the root locus graph of the modes λ5,6 at SCR=3, and for gradual
change of the L| |v from 0 to 1 pu. According to Fig. 14, as L| |v increases,
the modes λ5,6 move toward the left hand side of the s-plane.

6. Simulation results

In this section, at first, performance of the study system of Fig. 4 is
examined under two different values of grid short circuit power (SCR),
by using time domain simulations. Then, the modified control approach
proposed in Section 5 is applied to the rotor side converter, and its
capability is examined under weak grid conditions. The system under

Fig. 16. Study system responses for two different values of grid SCR, (a) generator speed, (b) output active power, (c) electromagnetic torque, (d) DC link voltage, (e) wind turbine
aerodynamic power.
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study of Fig. 4, is a grid connected 710 kW, 50 Hz DFIG based wind
turbine with parameters of Appendix A.

Fig. 15 depicts time responses of the generator speed wr, DFIG
output active power Po, electromagnetic torque Te, and WT aero-
dynamic power (WT captured power) Pt to a step change of wind speed
from 10 to 12m/s, at SCR=5. In Fig. 15, for SCR=5 the responses are
stable, and before t= 4 s, the wind speed is 10m/s, wr= 1570 rpm,
Po= 430 kW, Te=2.65 kNM, and Pt= 445 kW. After, t = 4 s, the
wind speed reaches the value of 12m/s, and thus the generator speed
increases to 1585 rpm, and Po, Te, and Pt reach the following values at
steady state: Po= 615 kW, Te= 3.8 kNM, and Pt= 647 kW. Hence, at
normal conditions by increasing the generator speed, the wind turbine
captured power Pt and consequently the wind turbine output power Po
increases.

Figs. 16 and 17 depict the time responses of the generator speed,
DFIG output active power, electromagnetic torque, DC link voltage, and
WT aerodynamic power at Vw=11m/s.

Fig. 16 shows the responses of the DFIG study system for two dif-
ferent values of the grid short circuit ratio (grid SCR), i.e. SCR=3 and
5. For SCR=3, the grid impedance is higher than the one at SCR=5,
and thus the grid has more strength at SCR=5. According to Fig. 16,

the system responses at SCR=5 are stable, and steady state values of
the generator speed wr, output active Po, electromagnetic torque Te,
DC link voltage VDC, and WT aerodynamic power Pt, are as follows:
wr=1580 rpm, Po=530 kW, Te= 3.3 kNM, Pt= 550 kW, where the
difference between the Pt and Po represents the system losses. In Fig. 16
at SCR=5, there is a balance between the WT aerodynamic power and
generator output power, and thus the generator speed is stable and
equal to 1580 rpm.

On the other hand, at SCR=3, the wind turbine transfer power
capability considerably decreases, and this in turn reduces the wind
turbine output power injected to the grid. This consequently results in
very low values for the electromagnetic torque and dc link voltage.
Even though, the generator electromagnetic torque Te considerably
reduced, however, at initial times, the wind turbine aerodynamic
torque Tt is relatively constant, and thus due to imbalance between the
Te and Tt, the generator speed continuously increases. Also, according
to Fig. 16(e), by the increase in the generator speed at the unstable
state, Pt also changes and decreases with a higher time constant in
comparison with output active power Po. Hence, under low values of
the grid SCR, with significant reduction of the WT transfer power
capability, Te, Po, Vdc and Pt reach very low values, and wr increases

Fig. 17. Study system responses with and without rotor virtual impedance emulation, at grid SCR=3, (a) generator speed, (b) output active power, (c) electromagnetic torque, (d) DC
link voltage, (e) wind turbine aerodynamic power.
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continuously, and thus the system becomes unstable. According to
Fig. 16, for SCR=3 and at t= 4 s, the values of the generator speed,
output active power, electromagnetic torque, and WT aerodynamic
power are as follows: wr= 1885 rpm, Po=40 kW, Te=0.42 kNM,
and Pt= 107 kW. It is noted that at the modal analysis of Table 2, the
DFIG system is stable at SCR=5, and becomes unstable at SCR=3.
Hence, the simulation results of Fig. 16 are in agreement with the
modal analysis results of Table 2.

As stated in Section 5, by modifying the RSC control system, a ne-
gative virtual inductance is realized at the rotor side. In Fig. 17, the
effectiveness of the modified control approach is studied, at SCR=3.
Fig. 17 depicts the time responses of DFIG system, at SCR=3, with and
without the negative virtual inductance emulation. According to
Fig. 17, in the case with the negative virtual inductance emulation, the
system responses become stable. This is because, the modified control
approach virtually increases the grid SCR and enhances the system
stability margin. The time responses of Fig. 17 confirm the modal
analysis of Tables 2 and 3, in which the modes λ5,6 are unstable at
SCR=3, and become stable when the control system is modified to
realize the negative virtual inductance.

Fig. 18 shows the impact of the rotor negative virtual inductance on
the DFIG low voltage ride through (LVRT) capability. Fig. 18 depicts

the time responses of the DFIG system at SCR=5, and under 50%
symmetrical voltage dip, initiated at t= 2.5 s with duration of 300 ms.
In Fig. 18, time responses of the rotor current amplitude, electro-
magnetic torque, output active power, and generator speed are shown,
and low voltage ride trough (LVRT) capability of the DFIG system is
studied with and without the rotor virtual impedance. It is clear that the

Fig. 18. DFIG time responses with and without rotor virtual inductance emulation, at grid SCR=5, and under 50% grid voltage dip, (a) rotor current amplitude, (b) electromagnetic
torque, (c) output active power, (d) generator speed.

Fig. 19. Modified RSC current control to create the positive virtual resistance.

Fig. 20. DFIG time responses with rotor virtual resistance under 50% grid voltage dip, (a)
rotor current amplitude, (b) DC link voltage.
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system responses at SCR=5, with and without the virtual impedance
are stable. According to Fig. 18, during the voltage dip, transients ap-
pear on the DFIG responses, and at the times of occurring and clearing
the fault, the rotor current and DC link voltage increase abruptly.
Considering Fig. 18, the DFIG responses with and without the virtual
inductance emulation are relatively similar, and thus the proposed
compensator does not have significant impact on the LVRT capability of
the DFIG system.

In order to enhance the LVRT capability of the system the rotor
current control system can be modified to create a positive virtual re-
sistance in series with the rotor. The created virtual resistance limits the
rotor current and dc link voltage during moderate voltage dips without
activating the crowbar and other protection hardware.

Fig. 19 depicts the modified rotor current control system to create
the virtual resistance under transient conditions. In Fig. 19, the feed-
back gain Rv acts such a resistance Rv in series with the rotor that limits
the rotor current under transient conditions. Fig. 20 depicts the rotor
current and dc link voltage under 50% voltage dip at t= 2.5 s. Ac-
cording to Fig. 20, it is clear that by using the proposed virtual re-
sistance, the rotor current and dc link voltage are limited below 2 pu,
and 1050 V, respectively.

7. Conclusion

This paper deals with the stability analysis and dynamic stability
enhancement of the grid connected DFIG based WTs under weak ac grid
conditions. Hence, unified dynamic modeling of the whole DFIG
system, including the dynamics of the PLL, stator flux, rotor current,
drive train, dc-link, RSC and GSC current controllers, dc-link voltage
and generator speed controllers, and grid is presented. Then, small
signal stability of the full system is carried out and impact of the grid
SCR on the stability of the system is examined. It is shown that for the
SCR values lower than 3, the modes corresponding to the dc-link vol-
tage and thus the whole system become unstable. Next, the RSC control
structure is modified, in which a negative virtual inductance is in-
troduced at the stator side, and thus the grid SCR is virtually increased
that stabilizes the system at weak grid connections. Simulation results
verify the theoretical analyses and depict that at SCR=3 and in the
case without the virtual impedance emulation, the responses of the
electromagnetic torque, output active power and dc-link voltage are
unstable and reach very low values. On the other hand, in the case with
the negative virtual inductance emulation, the system responses be-
come stable. This is because the modified control approach virtually
increases the grid strength and consequently enhances the DFIG stabi-
lity margin and power transfer capability.

Appendix A. Parameters of a 710 Kw, 690 V, 50 Hz, DFIG-WT

= = = =
= = = =
= = = =
= = =

V S f ω
ω πf R R
L L L H
H k D

690V 710KVA 50Hz 1pu
2 314rad/sec 0.008pu 0.005pu
3.07pu 3.056pu 2.9pu 0.55sec
3.5sec 0.6 p. u. /elec. rad 1.0pu

base base base s

b b s r

s r m g

t s tg

Appendix B. Participation factors

To determine the relation between the states variables and modes, the participation factor obtained by (A.1) can be used.

=
∑ =

p
ψ

ψ
|Φ || |

|Φ || |ki
ki ik

k
n

ki ik1 (A.1)

where n is the number of state variables, pki is the participation factor of the kth state variable into mode i, Φki is the kth element of the ith right
eigenvector of A, ψki is the kth element of the ith left eigenvector of A [35].
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